A neuron that yielded this result was thus classified as "nonopponent." Conversely, if the threshold obtained for counterphase gratings was significantly higher than that obtained for preferred motion, we took this as evidence for significant opposing effects, and the neuron was classified as "opponent." By this criterion, the majority (74%, blue circles) of sampled MT neurons were nonopponent, with Thr CP /Thr PM ratios close to 1.0. The bulk of the remaining neurons (23%, red circles) were classified as opponent, with Thr CP /Thr PM ratios significantly Ͼ1.0. In addition, for a very small minority of neurons (3%, green circles) thresholds for preferred motion were actually lowered by the addition of antipreferred motion (i.e., Thr CP /Thr PM ratios were significantly Ͻ1.0). These neurons were classified as consistent with neural summation, since the oppositely moving grating components in the counterphase grating, in ef- averaged across the entire sample of MT neurons (n ϭ 78). Here, the mean threshold for counterphase gratings (2.37%) was significantly higher than the mean threshold 0.9%, respectively), resulting in a threshold ratio of 3.8.
for preferred motion gratings (1.54%), with a mean For this neuron, sensitivity to motion in the preferred threshold ratio of 1.54 (t ϭ 5.37, p Ͻ 0.001). Note that, direction was markedly suppressed by simultaneous because we used geometric means in our analyses, the motion in the anti-preferred direction. For both neurons, mean of threshold ratios is equivalent to the ratio of the contrast sensitivity for moving gratings was exthreshold means. tremely high, which was typical for the population of MT , we nonetheless thought phase gratings is plotted against that obtained for preit important to ensure that macaques exhibit threshold ferred motion. The diagonal line depicts a threshold ratio ratios similar to those observed for human subjects. To (Thr CP /Thr PM ) of 1.0. As can be observed in this plot, this end, we obtained psychophysical data from one threshold ratios varied across the population of MT neumacaque subject, as described below. rons, indicating that differences exist in the degree to which responses to motion in the preferred direction are opposed by motion in the anti-preferred direction.
Macaque Psychophysical Data To evaluate this effect further, we determined statistiContrast thresholds for counterphase and single moving cally, for individual neurons, whether contrast threshgratings were obtained from one macaque subject using olds for counterphase and preferred motion gratings a two-alternative forced choice (2-AFC) paradigm (see were significantly different from one another. SpecifiExperimental Procedures). Shown in Figure 3 is the percally, if a given neuron's thresholds for the two stimulus cent correct performance of the animal plotted as a types were statistically indistinguishable from one anfunction of luminance contrast for both single moving other (determined by a 2 statistic, p Ͼ 0.05; see Experigratings (black lines) and counterphase gratings (blue mental Procedures), we took this as evidence for negligilines). As for neuronal ROC data, Weibull functions were ble opposing effects of anti-preferred motion when superimposed upon motion in the preferred direction.
fitted to the data to determine threshold (i.e., contrast of the two moving components in the counterphase stimulus), detection of a moving grating stimulus relies on a single directional mechanism reaching threshold. The degree to which this phenomenon is expected to lower the psychophysical threshold ratio below 1.0 depends on the slope of the Weibull function relating contrast to performance, as described further below. At first glance, the fact that humans and macaques exhibit slightly lower contrast thresholds for counterphase, as compared with moving, gratings appears to contradict our neuronal data demonstrating the converse, i.e., that on average, MT neurons are more sensitive to moving gratings. This apparent discrepancy can is determined by the thresholds of pairs of MT neurons tuned for opposite directions. Although, in our experiments, we recorded from only one neuron at a time, we yielding 82% correct performance), which was detercan assume that for each neuron sampled, there existed mined to be 1.60% for moving gratings and 1.40% for an exact counterpart, i.e., an antineuron with the same counterphase gratings.
preferences and contrast threshold but tuned for the There are two things to note about these results. First, opposite direction. In other words, the responses to the psychophysical threshold for moving gratings (1.60%) counterphase gratings that we observed in the sampled was extremely close to the mean neuronal threshold neuron were assumed to be simultaneously occurring in MT derived from ROC analysis (1.54%; see above). in the antineuron (from which we did not record). The Although comparing absolute neuronal and psychotheory behind this model, which is described in detail physical thresholds was not the purpose of our study, in the Experimental Procedures, predicts that the psythe similarity between the two measures serves to supchophysical threshold ratio (Ratio PSY ϭ Thr counterphase / port the view that area MT underlies contrast detection Thr moving ) will be related to the ratio of mean neuronal of moving stimuli. The second point is that, as for human thresholds (Thr CP-mean /Thr PM-mean ) as follows: Ratio PSY ϭ data, the macaque subject exhibited a slightly lower (Thr CP-mean /Thr PM-mean ) * (0.5)
1/␤-mean
, where ␤-mean correthreshold for counterphase gratings than for single movsponds to the geometric mean slope of the Weibull funcing gratings (although the difference was not statistically tions derived for MT neurons under the counterphase significant, p Ͼ 0.05, 2 statistic). The resulting threshold condition. In our neuronal sample, the mean threshold ratio (Thr counterphase /Thr moving ) for the animal was 0.88, a ratio was 1.54, and the mean slope of the function for value quite close to those reported for human subjects counterphase gratings was 1.04. Based on these values, ‫7.0ف(‬ to 0.9) tested under low-spatial/high-temporal frethe predicted psychophysical threshold ratio is 0.79, quency conditions similar to those employed in the preswhich is consistent with values observed in previous ent study (e.g., Watson et al., 1980; Dobkins and Teller, human psychophysical studies and close to the psycho-1996). Thus, it appears safe to assume that humans and physical value obtained from the macaque subject of the macaques perform similarly with respect to their relative present study. Thus, our model incorporating probability sensitivities to moving versus counterphase gratings. summation between directionally selective MT neurons Having demonstrated this likeness, we now turn to a appears to be sufficient to account for the relative discussion of how threshold ratios in MT might account thresholds for moving versus counterphase gratings refor psychophysically obtained threshold ratios.
vealed psychophysically.
Modeling Psychophysical Data As discussed in the Introduction and in the previous
Mean Contrast-Response Functions paragraph, psychophysical data reveal slightly lower In addition to investigating neuronal contrast thresholds, contrast thresholds for counterphase gratings as comour data also allowed us to determine the mean populapared with single moving gratings. These psychophysition response (i.e., spikes/s) as a function of luminance cal threshold ratios below 1.0 are typically explained by contrast. In particular, we investigated whether a repositing that the oppositely moving components of the duced response to counterphase, as compared with counterphase grating are detected by independent dipreferred motion, gratings is dependent on the amount rectionally selective mechanisms, with probability sumof luminance contrast in the stimulus. Evaluating the mation occurring between them. Probability summation effects of luminance contrast was motivated, in part, by predicts a slight advantage for detecting the countera dichotomy in the psychophysical literature suggesting phase stimulus simply because it is composed of two, that directional mechanisms exhibit opponency for surather than a single, moving components (e.g., Watson In Figure 4 , we have plotted mean MT responses and tuned for the full range of directions. That such a divisive normalization might account for some of our results is standard errors separately for counterphase (blue lines), preferred motion (black lines), and anti-preferred motion supported by the finding that, for gratings containing between 2.0% and 8.0% luminance contrast, the sup-(red lines) data. Horizontal solid and dashed lines denote mean baseline activity Ϯ1 standard error, respectively. pressive effect of counterphase gratings was roughly proportional to the amplitude of the response to motion (Note that, for this analysis, data from all neuronsclassified as opponent, nonopponent, or "neural sumin the preferred direction ‫;%52ف(‬ see Figure 4 ). One way to discern whether the suppression observed mation"-were combined.) There are two things to point out in these contrast-response functions. First, antiin MT neurons is a consequence of opponency versus contrast gain control is to study those neurons that preferred motion elicited no discernible response at contrasts below 4.0%. Above this contrast, the response exhibited significantly higher thresholds for counterphase, as compared with preferred motion, gratings was significant, yet extremely small. This finding indicates that, on average, single gratings moving in the (classified as opponent; see Figure 2 ). If the suppressive effect of counterphase gratings results from directionanti-preferred direction do not inhibit activity below baseline. Second, differences between the contrastally opponent input, anti-preferred motion presented by itself should inhibit activity in these neurons below response functions for counterphase and preferred motion gratings grew larger as luminance contrast was baseline (see Simoncelli and Heeger, 1998). To study this, we investigated ROC values for the anti-preferred increased. At the two lowest contrasts (0.25% and 0.5%), the mean responses to moving and counterphase motion condition (e.g., see Figures 1C and 1F, red lines) . Here, ROC values are predicted to be Ͻ0.5 if antigratings were essentially identical to each other (paired t test comparisons: 0.25% contrast: t ϭ 0.08, p ϭ NS; preferred motion inhibits neuronal activity. Note that we chose to use ROC data, as opposed to mean activity 0.5% contrast: t ϭ 0.47, p ϭ NS). Note that this is not a simple consequence of a lack of response to coundata (i.e., spikes/s), since the former are a more accurate measure of detectability. terphase and moving gratings at low contrasts, since both stimulus types elicited responses significantly In Figure 5 , mean ROC values for anti-preferred motion obtained from opponent neurons are plotted as a greater than baseline activity at 0.25% contrast (t CP The discrepancy across studies is likely explained by These experiments provide a demonstration of contrast thresholds in area MT derived from an ideal observer stimulus differences; it is generally the case that studies reporting opponency employ stimuli of suprathreshold analysis of neuronal responses. Here, we find that, for the majority of MT neurons, the contrast threshold for contrast, whereas studies reporting nonopponency employ stimuli near contrast threshold. In fact, the influence counterphase gratings is statistically indistinguishable from that obtained for motion in the preferred direction.
of stimulus contrast on the degree of motion opponency has previously been observed within a single psychoThis indicates that responses to preferred motion in these neurons are not significantly affected by simultaphysical study by Stromeyer et al. (1984) . These investigators employed counterphase gratings in a paradigm neously presented motion in the anti-preferred direction, a result that provides evidence for nonopponent that allowed them to assess whether the motion system performs a subtraction between signals for leftward and directional processes in a proportion of MT neurons. Other neurons, however, exhibit markedly elevated rightward motion-an indicator of opponent processes.
The results of their study demonstrated opponency at thresholds for counterphase, as compared to preferred suprathreshold levels of luminance contrast but not at were significantly elevated for counterphase, as comcontrast threshold. pared with preferred motion, gratings. By this criterion, Similar to the results from these psychophysical exthe ratio of nonopponent versus opponent neurons was periments, the mean contrast-response functions of the ‫.1:3ف‬ We should point out, however, that we did not present study suggest that opponency is dependent on observe any bimodality in the data set, i.e., the distribuluminance contrast (Figure 4) . Specifically, suppression tion of threshold ratios (Thr CP /Thr PM ) across neurons did of MT responses by counterphase gratings was obnot divide neatly into two populations. Although the opserved at higher ‫%0.1ف(‬ to 8.0%), but not lower (0.25% ponent/nonopponent distinction is probably more of a to 0.5%), luminance contrasts. It is this differential effect continuum, it is nonetheless tempting to draw a connecof luminance contrast observed for MT neurons that tion between our nonopponent versus opponent dichotmay account for differences in the degree of opponency omy and the "component" versus "pattern" dichotomy observed across various psychophysical studies.
reported in plaid motion experiments, which also appears to exist in an ‫1:3ف‬ ratio (e. It would perhaps not be surprising to discover that single moving gratings. In addition to obtaining fMRI pattern neurons are also opponent, since opponency data from human subjects, Heeger et al. also used their requires an integration (i.e., a subtraction) of signals stimuli to obtain neurophysiological data from 12 isofrom opposite directions. In fact, one could argue that lated MT neurons (and several multiunit MT sites) in pattern neurons, which signal global motion, should exmacaques. These investigators found that responses (in hibit no response to counterphase gratings, since this human MTϩ and macaque area MT) elicited by suprastimulus does not, in fact, appear to move (rather, it threshold counterphase gratings were reduced, as comappears to flicker over time). By comparison, compopared with those elicited by suprathreshold single movnent neurons would be well suited to signal the contrast ing gratings. of motion in their preferred direction regardless of conIn sum, there is strong consensus across MT studies comitant motion in other directions. Further studies will that opponent processes operate at suprathreshold levbe required to determine whether the opponent/nonopels of contrast. A contribution of the present study is ponent dichotomy observed herein maps onto the prethe finding that opponent mechanisms are less effective viously described pattern/component distinction. at contrasts near threshold. We base this conclusion on two main results. First, many MT neurons exhibited Experimental Procedures contrast thresholds for counterphase and preferred motion gratings that were nearly identical to one another Experiments were conducted using neurophysiological and animal (e.g., Figure 1C) . Thus, for these neurons, motion in the correctly indicated the stimulus location for 3 trials in a row. Michelson contrast). Luminance contrast in the counterphase gratData were obtained for both single moving gratings (horizontally ing is described in terms of the contrasts of its moving components oriented, moving upward or downward) and counterphase gratings (which were equal to one another), rather than by its total contrast (horizontally oriented). Stimuli were set at a spatio-temporal fre-(which is twice that of the component contrast). The different stimuquency (0.4 cycles/degree, 5.6 Hz) and eccentricity (4.12Њ) that aplus conditions and contrasts were interleaved in random order proximated the mean conditions of our neurophysiological experiacross trials. ments (see above). Six to seven different luminance contrasts were employed, ranging from 0.4% to 4.0%. The different stimulus condiObtaining Neuronal Contrast with ROC Analysis tions and luminance contrasts were interleaved in random order To derive contrast thresholds from MT responses, we employed across trials. As for neuronal experiments, percent correct perforan "ideal observer" approach, which supposes that a hypothetical mance data were fitted with Weibull functions to obtain contrast observer detects a stimulus whenever the neuronal activity elicited thresholds (i.e., contrast yielding 82% correct performance). This by that stimulus is greater than baseline neuronal activity. This apwas performed separately for single moving gratings (data comproach is implemented by using ROC analysis based on signal debined for upward and downward motion) and counterphase grattection theory, which calculates the overall probability that a random ings, and the resulting threshold ratio (i.e., Thr counterphase /Thr moving ) was sample of neuronal activity (i.e., spikes/s) selected during the presdetermined. For the psychophysical data presented in Figure 3 , a ence of the stimulus is larger than a sample selected in its absence total of 1160 trials were obtained (348 trials for the counterphase (Green and Swets, 1974; see Tolhurst et al., 1983, for its application stimulus and 406 trials for each of the two directions of motion). to neuronal data). The fidelity of this judgment depends on the degree of overlap between the stimulus-elicited activity distribution
Modeling the Effects of Probability Summation and the baseline activity distribution (i.e., the less overlap, the more Here, we outline the equations underlying probability summation reliable the judgment). In our ROC analysis, baseline activity distribubetween detectors tuned for opposite directions of motion (see tions were drawn from estimates of spontaneous activity (occurring Watson et al., 1980; Graham, 1989) . The probability that a mechawithin a 500 ms epoch prior to stimulus onset) and were compared nism selective for upward motion will detect an upwardly moving against stimulus-elicited activity distributions (obtained from a 1000 grating (P U ) is described by a Weibull function: ms epoch, starting 50 ms after stimulus onset) separately for each luminance contrast tested. This yielded ROC values (i.e., percent P U ϭ 1 Ϫ (0.5 * exp[ Ϫ (C U /␣ U )
correct ideal observer performance) for each condition that were where C U is the contrast of the upwardly moving grating, ␣ U is the then fitted with Weibull functions (Weibull, 1951; Quick, 1974) to contrast threshold of the mechanism (yielding 82% correct ideal obtain neuronal contrast thresholds. The Weibull function is deobserver performance), and ␤ is the slope of the function relating scribed as follows: P ϭ 1 Ϫ (0.5 * exp[ Ϫ (c/␣) ␤ ]), where P correcontrast to performance. sponds to probability correct, c is stimulus contrast, ␣ corresponds If upward selective and downward selective mechanisms are into contrast threshold (yielding 82% ideal observer performance), dependent, then the probability of detecting a counterphase grating and ␤ corresponds to the slope of the function.
(P CP ), which contains both an upward and a downward moving comOnly neurons for which at least 10 trials/condition (a total of at ponent, is least 210 trials) could be obtained and which yielded data points that could be reliably fitted with Weibull functions (based on 2 P CP ϭ 1 Ϫ (1 Ϫ P U )(1 Ϫ P D ).
(2) fitting, p Ͻ 0.05) were included in our analysis. A total of 78 (of 96) neurons from three macaques met these criteria. In this sample, the Combining Equations 1 and 2, mean number of trials/condition was 23, resulting in a mean of 460 total trials/neuron. To observe mean effects, the neuronal data P CP ϭ 1 Ϫ (0.25 * exp[Ϫ R ␤ ]),
